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ABSTRACT
A new method for evaluating the performance of
holographic optical elements and holographic materials is
described. The method involves recording a spherical
holographic lens, aligning the lens in an interferometer,
obtaining an interferogram, and analyzing the interferogram
with fringe interpretation software . The analysis of the
holographic lens provides a direct measure of the optical
performance including the wavefront error or optical path
difference, the point spread function, the MTF, and a set of
Zernike polynomial coefficients. The aberration
coefficients could prove to be very useful in quantifying
the limiting performance of the holographic material as well
as establishing a means for measuring the effects of
different processes on optical performance. The ability to
measure optical performance directly as well as the ability
to isolate the performance of the hologram, holographic
material, and hologram substrate separates this method from
other techniques currently being used. The new method is
named MINT (Method of INTerference) .
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1 . INTRODUCTION
1 . 1 Background
Since the conception of holographic optical elements, or
HOEs, by Schwar et al . (1967), their use has increased
dramatically. Some precision instruments that use
holographic optical elements include diffraction gratings in
spectrophotometers (Hariharan, 1984) , and precision laser
scanners (Beiser 1988, Kramer 1988, Marshall 1985) . Other
applications of HOEs include head-up displays, multiple
imaging systems, beam splitters (Vanhoeke, 1987) , and beam
combiners (Hariharan, 1984) . In some cases, HOEs are
manufactured to have a wavefront degradation of less than a
quarter of a wavelength. Hence, techniques for evaluating
holographic materials and HOEs are needed that can provide
this degree of precision as well as a direct measure of the
wavefront quality.
Some of the current methods for evaluating holographic
materials include measurement of the modulation transfer
function of the recording medium (Jones, 1967) , use of
resolution targets (Champagne and Massey, 1969) , measurement
of the signal-to-noise ratio (Lamberts and Kurtz, 1971) ,
measurement of diffraction efficiency (Lee and Greer, 1972) ,
theoretical modelling using computed ray-tracing (Latta and
Fairchild, 1973) , and scanning the image of a point that was
obtained from a holographic lens (Plaisted and Granger,
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1988) .
The modulation transfer function of the recording medium
is found by recording the image of a sharp edge, scanning
the edge with a digitized microdensitometer to obtain the
step response, differentiating the step response to obtain
the line spread function, and then taking the fourier
transform of the line spread function. This procedure is
performed with incoherent light, and gives a measure of the
contrast as a function of spatial frequency. A cutoff
spatial frequency is determined by deciding the minimum
acceptable contrast in the final image . Once the MTF has
been measured, the appearance of an image can be calculated
but not directly measured.
Resolution targets can be used to measure the resolution
limit of a photosensitive material by recording the target
on the material and then reading the minimum resolvable
target. The draw backs of this technique are that the
measurements dependent on the viewer's judgement, and the
quality of images, besides that of the resolution target,
can not be calculated or directly measured since each line
on the resolution target contains a number of spatial
frequencies .
The signal-to-noise ratio gives a measure of the contrast
between the image and the background of the image, and can
be used to measure the information storage capacity of a
material. An object composed of transparent and opaque
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areas in close proximity is imaged onto the material, and
those images are scanned. By comparing readings taken from
the dark areas of the image to readings taken in the light
area of the image, the signal-to-noise ratio is obtained.
The diffraction efficiency of a hologram is a measure of
how well light is diffracted to a desired location. This
parameter is typically plotted versus spatial frequency or
versus exposure. The diffraction efficiency does not give
information about the quality of reconstructed wavefronts,
but rather supplies information on the expected contrast of
the image and the radiometric throughput .
Computerized raytracing can be used to model the
performance of a hologram. Ray-tracing is a theoretical
technique, though, and can not be relied on when trying to
model a situation which is already well understood and well
behaved. In other words, the performance of new materials
and/or situations which test the limiting performance of a
material can not be modelled with much certainty.
Experimental techniques need to be used to initially test
these cases .
The most recent technique is scanning the point image of
a holographic spherical lens. This is the only method that
gives a direct measure of the point spread function or
wavefront degradation. Scanning the point image, however,
does not allow the performance of the photosensitive
material to be isolated from the performance of the
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substrate. Another short-coming is that the phase of the
point spread function is lost since the intensity of the
point spread function is scanned by a detector.
The interferometric technique to be described provides a
direct measure of the wavefront quality, allows isolation of
the effects of the substrate from the diffraction effects of
the photosensitive material, and allows recording, alignment
and analysis of a holographic material in a single
interferometer. By directly measuring the optical wavefront
reconstructed by a hologram, the phase information of the
point spread function and the optical transfer function can
be determined. The flexibility, ease of use, and precision
of this interferometric technique could substantially
improve holographic evaluation.
1 . 2 Holographic recording media
When selecting a holographic medium, several factors must
be considered. These include speed, spectral sensitivity,
substrate, spatial resolution, thickness, hologram type,
processing difficulty, diffraction efficiency, and
availability.
The diffraction efficiency is an important parameter of
holographic materials that characterizes the ability of a
hologram to distribute irradiance from the reconstructing
beam to a desired image. The mathematical expression for
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diffraction efficiency is
Io
T1=T- (1)
where T[ is the diffraction efficiency, I is the irradiance
of the reconstructing beam, and I(- .is the irradiance of the
reconstructed beam. When selecting a holographic material
the desired irradiance of the image and therefore the
possible range of diffraction efficiencies need to be
considered.
Figure 1 shows a plot of amplitude transmittance versus
exposure for a typical holographic material . Note that
there is a region of the curve over which the response is
essentially linear. Non-linearities in the hologram lead to
noise (Goodman and Knight, 1968) and therefore the noise
level is affected by the range of exposure variations . The
ideal response minimizes noise and maximizes the diffraction
efficiency.
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Figure 1 - Characteristic curve for a hologram
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Amplitude transmittance, t, is not easy to measure
directly, so a densitometer and equation 2 are usually used
to obtain amplitude transmittance
-0.5D
10 (2)
where D is the optical density,
The exposure, H, can be calculated using
H = EAT (3)
where E is the irradiance, A is the area of the detector,
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and T is the exposure time.
Four media are commonly used for HOEs : silver halide
films, photoresist, photopolymers, and dichromated gelatins.
The most common material is silver halide film due to its
relatively high sensitivity and commercial availability.
The other materials require proper equipment to prepare for
exposure. Table 1 outlines the factors listed above for
these four holographic materials. Notice that most of the
materials are suitable only for phase holograms (phase and
amplitude holograms are defined in the next section) .
TABLE 1 (Hariharan, 1984, Caulfield, 1979)
Exposure Spectral Resolution Hologram Maximum
Material Required Sensitivity Limit Type Diffraction
(J/ma) (nm) (lp/mm) Efficiency
Silver
halide
films 0.005-0.5 400-700 1000->3000 Amplitude 0.05
Phase 0.60
Dichromated
gelatin 100 350-580 >3000 Phase 0.90
Photoresist 100 UV-500 >1500 Phase 0.30
Photo-
polymers 10-10,000 UV-650 3000-5000 Phase 0.90
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1 . 3 Types of Holograms
There are several types of holograms : transmission,
reflection, phase, amplitude, thin and thick. Amplitude
holograms exhibit a spatial variation in density. Phase
holograms have a spatial variation in refractive index
and/or emulsion thickness. Phase holograms are more common
since their diffraction efficiency is greater that of
amplitude gratings. However, the diffraction efficiency of
some phase holograms may decay with use (Hariharan and
Ramanathan, 1972) . Amplitude and phase holograms also
differ in the amount of energy required for exposure. An
optical density of about 0.7 is required to record an
amplitude hologram, while a higher density of about 2.0 is
needed for phase holograms. These densities are typically
used since they result in near optimum image sharpness and
diffraction efficiency.
The relative thickness of the emulsion with respect to
the fringe spacing determines the
"thickness" of a hologram.
A thin hologram diffracts light in a fashion similar to a
set of multiple slits in an opaque material. Most of the
diffracted energy is concentrated in the zeroth order, and
thus the diffraction efficiency is low. Thick holograms
work on the principle of Bragg reflection. This results in
much more energy being diffracted into the first order,
giving them a higher diffraction efficiency.
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Holograms are defined as reflection or transmission based
on the recording geometry. To record a reflection hologram
the material is exposed, with 2 beams coming from different
sides of the hologram. A transmission hologram is recorded
with both beams striking the same side of the material. The
recording configurations of these two types of holograms are
shown in figures 2 and 3 .
Figure 2 - Recording configuration for a transmission hologram
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Figure 3 - Recording configuration for a reflection hologram
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1 . 4 Hologram Recording
In order to record a hologram one must interfere two
coherent wavefronts in the plane of the holographic
material. Typically one beam is a plane or spherical wave
and is called the reference beam. The second beam is called
the object beam since it often reaches the hologram plane
after reflection from an object (see figure 4) .
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Figure 4 - Apparatus for recording a hologram of an object
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1.5 Holographic Optical Elements
Holograms may be used to simulate a normal optical
component such as a lens or prism. These holograms are
generally termed holographic optical elements or HOEs . In
the case of a holographic grating, the reference and object
beams are collimated. Typically both beams are incident at
the same angle with respect to the normal of the recording
material . Under this condition the spatial frequency of the
grating is
2Sin9
f = (4)
where X is the wavelength used for recording, and 0 is the
angle between the film normal and the wavefronts . The
configuration needed to record a holographic grating is
shown in figure 5 .
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Figure 5 - Apparatus for recording a holographic grating
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A holographic spherical lens is created by interfering a
collimated reference (plane wave) and a spherical object
wave (figure 6) . The fringe frequency of a holographic lens
is not uniform since the angle between reference and object
waves varies across the hologram. The calculation of
spatial frequency, however, can still be calculated from
equation 4 . The fringe frequency may be plotted as a
function of position on the holographic lens.
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Figure 6 - Apparatus for recording a spherical holographic lens
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Some of the factors that determine the quality of the
image formed by a holographic lens include : the ratio of
the reference beam and object beam irradiances (often called
the beam ratio) , the angle between the interfering beams,
the aperture size, and the numerical aperture of the
spherical (object) wave. The beam ratio affects the
diffraction efficiency and the linearity of the holographic
recording. The beam angles determine the fringe frequency,
with higher fringe frequencies resulting in a decrease in
diffraction efficiency. The aperture size and the numerical
aperture of the spherical wave determine the range of fringe
frequencies .
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1 . 6 Hologram Alignment
Most holographic materials require wet chemical
processing and it is therefore necessary to remove the
hologram from its recording position. This is unfortunate
since many scientific applications of holography require
precise replacement of the hologram. This is the case for
holographic lenses, since misalignment results in
aberrations in the image (Caulfield, 1979, Stojanoff and
Windeln, 1987) . Fortunately a technique exists which allows
precise alignment in real time (Soares 1979) (see figure 7) .
Soares' technique is based on minimizing the fringes found
by interfering the reference beam with the reconstructed
reference beam. Section 2.8 explains why this interferogram
is a measure of the performance of the holographic material .
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Figure 7 - Configuration for alignment of a hoiogram
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1.7 Holographic Reconstruction
After recording, processing and realigning of the
hologram, several wavefronts can be reconstructed. These
reconstructions will be defined pictorially and using a
transmissive, holographic spherical lens (a lens recorded
with the experimental arrangement of figure 6) as an
example. A virtual image of the pinhole source is obtained
if the original reference beam is used for reconstruction.
(see figure 8) .
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Figure 8 - Reconstruction "of the object beam
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Figure 9 shows how the conjugate of the reference beam can
be used to produce a real image of the pinhole object.
Figure 9 - Reconstruction of the object beam's conjugate
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If the object beam is used to illuminate the hologram in the
manner depicted in figure 10, a reconstruction of the
original collimated reference beam will result.
Figure 10 - Reconstruction of the reference beam
HeNe Zh
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Finally, one can reconstruct the conjugate of the
reference beam by directing the conjugate of the object beam
onto the hologram as shown in figure 11.
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Figure 11 - Reconstruction of the reference beam's conjugate
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1 . 8 Analysis of Wavefront Error
If an optical system could generate perfect imagery, a
spherical pencil of rays would converge to every gaussian
image point and all rays would be in phase . When light
passes through an optical system, however, the original
wavefront is degraded. To quantify the aberration of the
wavefront, a spherical wave centered at the exit pupil of
the system (and with the center of curvature at the image
plane) is often used as a reference (see figure 12) . The
difference between the reference wavefront and the actual
wavefront gives the aberration due to the system.
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Figure 12 - Defining wavefront error
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Knowledge of the wavefront error as a function of pupil
position allows the intensity profile to be determined at
any image plane, and therefore can be used to determine the
quality of the image at the chosen image plane . The
wavefront can be expressed mathematically through the pupil
function, P,
P(x,y) = A(x,y)e
iyW(x,y)
(5)
where W is the wavefront error, x and y are the positions
within the pupil, and A is the wave amplitude (assumed to be
uniform across the exit pupil) . Another term for the pupil
function is the optical path difference or OPD .
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In a similar manner, the optical performance of a
diffractive component can be described by its wavefront
error. An interferometer is an instrument used to measure
wavefront error by interfering two mutually coherent beams.
The interference results in a fringe pattern, or
interferogram, that may be geometrically analyzed. Many
computer systems are available which can digitize an
interferogram for analysis of the wavefront error.
One method for quantifying the optical wavefront error is
to fit a two-dimensional polynomial to the wavefront error.
For well-behaved optical systems, Seidel polynomials can
often represent the wavefront error adequately . The terms
in the polynomial and the classical aberrations they
represent are given in appendix I .
Although the Seidel polynomials produce a good fit for
many optical systems and are easily understood, other
polynomials may be mathematically more concise (Liu and
Birch, 1983) . One such set is the Zernike polynomials which
are orthogonal and thus allow a better representation of the
wavefront since the many polynomial terms are independent of
each other. The Zernike polynomials are given in appendix
II. However, Zernike polynomials are commonly applied to
rotationally symmetric systems. If the optical system is
not rotationally symmetric, a different set of polynomials
that will best fit the wavefront error of that system must
be derived.
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Once one has obtained the optical path difference or
wavefront error in terms of a polynomial, it is easy to
mathematically describe the impulse response of a linear
optical system. For linear imaging systems, this response
is called the point spread function or PSF
PSF= 3{P(x,y)} = JJp(x,y)e-i2^x+^dxdy (6)
where 3{ } indicates the Fourier Transform, and T] and t\ are
the spatial frequencies . Since the human eye responds to
irradiance, a more appropriate metric is the modulus of the
point spread function :
IPSFl '= ||Jp(x,y)e-i2lt(4x+Tiy)dxdy| (7)
By more appropriate metric, it is meant that the trained eye
can tell- if the system is diffraction limited by observing
how close the modulus of the point spread function is to a
Bessel function. If. two plots of the modulus are placed
next to each other, it is easy to distinguish which system
will result in a better image of a point.
The optical path difference can also be used to determine
the frequency response of the optical system, or the optical
transfer function (OTF) :
OTF = 3{PSF} = P( - Ad$,- AdrO = A( - Xdc]-
Xd^e'"^"^'"^
<8>
where d is the distance from the exit pupil of the optical
system to the image plane of interest. It is also
appropriate to describe this metric of an image in terms of
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intensity by taking the modulus of equation 8 to obtain the
modulation transfer function or MTF.
MTF = OTF (9)
2 . METHOD
2 . 1 Overview of MINT System
Figure 13 shows a schematic of the MINT system. The
three-armed interferometer used is similar to a Mach-Zender.
Figure 13 - MINT interferometric system
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The spatial filter in arm 1 is used to generate a
spherical wave for use as an object beam. The f -number of
the holographic lens recorded by the system is determined by
the distance from the spatial filter pinhole to the center
of the hologram and by the numerical aperture of the
microscope objective. Selection of the numerical aperture
of the microscope objective also determines the uniformity
of the object beam across the hologram. This arm of the
interferometer is also used to reconstruct the reference
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beam.
Arm 2 of the MINT interferometer is used as the reference
beam during recording of the spherical holographic lens .
The collimating lens, CL, produces a plane wave with a 50
millimeter diameter and a wavefront quailty of less than an
eighth of a wave. The uniformity of the plane wave depends
on the numerical aperture of the microscope objective used
in the spatial filter. Besides being used during recording,
arm 2 is used during alignment of the hologram after
processing, and to measure the effect of the hologram
substrate on the imaging capability of the hologram.
Arm 3 of the MINT system is used to generate a plane
reference wave used during evaluation of the hologram
performance. The collimating lens produces a 100 millimeter
plane wave with a wavefront quality of about a fourth of a
wavelength.
The beam splitter allows wavefronts from arms 1 and 2 to
be combined with arm 3 . An interferogram can be observed on
the screen shown.
The beam splitters in the system allow easy adjustment of
the relative beam irradiances in arm 1, 2 and 3. Besides
providing the capability to use various beam ratios during
recording of a holographic lens, the beam splitters assist
in obtaining the best fringe visibility during evaluation of
the hologram.
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2.2 Alignment of Optical System
It was important to ensure that results obtained from the
MINT system were not affected by the alignment of the
optical system. Some of the procedures used to align the
system are given below.
The alignment target referred to throughout this section
was made out of a 3-inch by 3-inch piece of white cardboard.
A large set of cross hairs were placed at the geometrical
center of the cardboard and a number of concentric circles
were drawn on the target . The center of the concentric
circles coincided with the geometrical center of the
cardboard.
2.2.1 Laser Alignment
The first step for aligning the laser was to adjust the
height such that the laser beam would strike the center of
the film holder when the film holder was mounted on the
stages used to align the hologram. The alignment target was
also set at this height once and then used throughout the
alignment procedures as the reference for setting the height
of the laser beam above the table surface.
The second step was center the laser beam on the
alignment target by translating the target and then noting
the position of the alignment target with respect to one of
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the tapped holes on the table surface. The tapped hole
chosen as the reference was located close to the exit
aperture of the laser.
The third step was to reference the alignment target next
to a second tapped hole. The second hole was in the same
row as the first reference hole, but was several feet from
the laser.
The fourth step was to tilt and/or rotate the laser until
the laser was centered on the alignment target.
Steps 2 and 3 were repeated until the laser struck the
center of the alignment target when the target was placed at
either location, near or far.
2.2.2 Alignment of Beamsplitters
Beam splitters were aligned in a manner similar to that
used to align the laser to the table. The first step was to
place the beamsplitter in the path of the laser beam and
check that the transmitted beam exited the beamsplitter at
the same height as that of the laser beam entering the
beamsplitter .
The second step was to center the reflected laser beam on
the alignment target by translating the target and then
noting the position of the alignment target with respect to
one of the tapped holes on the table surface . The tapped
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hole chosen as the reference was located close to the exit
aperture of the beamsplitter.
The third step was to reference the alignment target next
to a second tapped hole. The second hole was in the same
row as the first reference hole, but was several feet from
the beamsplitter.
The fourth step was to tip the beamsplitter until the
laser beam was centered on the alignment target.
Steps 1 through 4 were repeated until the laser struck
the center of the alignment target when the target was
placed at either location, near or far.
2.2.3 Alignment of Fold Mirrors
The first step for aligning a fold mirror was to
retroreflect the laser beam and adjust the mirror tilt until
the reflected beam coincided with the incident beam.
The next step was to translate and rotate the mirror
until the reflected beam was aligned to a row of holes . The
procedure for alignment to the holes is the same as that
described for aligning the laser, except that the center of
the alignment target was referenced directly above a hole
and the mirror was translated as needed. The translation
was possible since the mirrors were mounted on magnetic
bases and the table top is composed of steel.
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2.2.4 Alignment of Spatial Filters
The spatial filters used in the MINT system were
manufactured by Jodon. The pinhole and microscope objective
were initially removed. Then the mechanical fixture was
placed in the optical path such that the laser beam was
centered in both the aperture for the pinhole and the
microscope objective mounting flange. Next, the alignment
target was placed close to the aperture for the pinhole such
that the center of the target coincided with the center of
the emerging laser beam. The microscope objective was then
placed back in the spatial filter fixture, and the fixture
was adjusted until the spherical wave emerging from the
microscope objective was centered on the alignment target.
Next, the pinhole was placed back into the fixture.
Adjustments were made to the pinhole location and the focus
of the microscope objective until a uniform gaussian beam
was observed at the plane of the alignment target. Finally,
the intensity profile of the spherical wave were measured
with a radiometer and adjustments were made until the
intensity was rotationally symmetric about the center of the
beam.
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2.2.5 Alignment of Collimating Lens (Reference 1)
Alignment of the collimating lens used to create
reference beam 1 involved four major steps. First a piece
of cardboard with a small hole through the center and an
alignment target were placed in the optical path such that
their centers coincided with the center of the laser beam.
Then the collimating lens was placed between the cardboard
and the alignment target. Next, the lens was adjusted until
the retroreflections from the lens coincided with the small
opening in the cardboard. Then a Jodon spatial filter was
placed at the front focal point of the collimating lens and
the cardboard aperture was replaced with an alignment
target. The spatial filter was then aligned as discussed
above. After removing the alignment target from between the
spatial filter and the collimating lens, the light emerging
from the lens was collimated with the help of a shearing
plate or collimation tester. Next, the collimation tester
was removed from the system and the spatial filter was
adjusted until the collimated beam was centered in the
remaining alignment target. The beam was then checked once
more for collimation. Finally, the emerging beam was fine
tuned by measuring the intensity profile of the collimated
beam with a radiometer and making adjustments until the
intensity was rotationally symmetric about the center of the
beam.
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2.2.6 Alignment of Collimating Lens (Reference 2)
The reference beam referred to as reference 2 is a model
T28 laser collimator made by Newport Corporation. This
system was aligned according to the procedure given by the
manufacturer. The objective was focussed using a the
shearing plate described in the previous section. The
emerging beam was fine tuned by measuring the intensity
profile of the collimated beam with a radiometer and making
adjustments until the intensity was rotationally symmetric
about the center of the beam.
2.2.7 Alignment of the Film Holder
The film holder was aligned with a three-step procedure.
The first step was to place a glass plate in the holder and
place it in the path collimated reference beam 1 such that
the plate was perpendicular to the laser beam. The film
holder was then tipped using one of the stage adjustments
until the retroreflection from the glass plate was
coincident with the incident beam.
After adjusting the tip, the film holder was placed such
that the centers of the plane and spherical waves coincided
at a point a little below and to the right of the
geometrical center of the film plane. This slight offset
provided easy recognition of the original recording
orientation of the holographic plates.
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The final rotational orientation of the film holder was
done by placing the film holder into the optical path such
that the normal to the film plane bisected the angle between
the plane reference wave and the center of the spherical
object wave. This was done by eye when the angle between
the two waves was 120 degree. When the angle between the
waves was 90 degrees, the rotation was set by adjusting the
film holder until the reflection from a glass plate in the
holder was centered with respect to the pinhole of the
spatial filter.
2.3 Selection of Holographic Medium
A commercially available silver halide holographic film
was used for testing the feasibility of the MINT system for
several reasons. The most readily available coherent source
for exposure was a Helium-Neon laser, and most photographic
films are adequately sensitive at this red wavelength
(633nm) . Holographic films and processing chemicals were
easily obtained. A rigid substrate was needed for
positional integrity, and most holographic emulsions are
available on glass plates . Holographic emulsions are
available with resolution of more than 3000 line pairs per
millimeter. Many films have an emulsion thickness of about
7 microns, thus ensuring that the hologram will still be
"thick" near its resolution limit. The specific film chosen
for MINT evaluation was Agfa-Gevaert Holotest 10E75 (see
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table 2) . Thick, transmission, amplitude holograms were
tested since they were easy to process, record, and align.
Table 2 (Hariharan, 1984)
Film Sensi- Exposure for Emulsion Plate Resolution
tivity transmission Thickness Thickness Limit
of 0.5 (J/nT) (um) (mm) (lp/mm)
10E75 Red 0.005 7 1 3000
2.4 Film Characterization
To determine proper exposure times, the emulsion was
characterized via an amplitude transmittance versus exposure
curve (see figure 1) . The amplitude transmittance was found
by recording a series of exposures on a Agfa 10E75 plate,
processing the plate, measuring the densities using a
Macbeth TD903 densitometer, and then using equation 2. The
exposure was found by measuring the irradiance of the
collimated beam used for exposure, and multiplying by the
exposure time and the area of the radiometer (see equation
3) .
2 . 5 Recording a HOE
One problem often encountered when using an emulsion
coated on glass plates is noise due to secondary
interference patterns. When producing a transmission
hologram, the main source of this noise is reflection of the
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incident rays off the rear glass-to-air interface (see
figure 14) . The common methods for reducing the undesirable
reflections include a factory-applied or user-applied
antihalation backing or use of an index matching fluid with
the plate.
Figure 14 - Halation in a holographic plate
INCIDENT
BEAM
FILM
RAY CAUSING
HALATIDN
SUBSTRATE
TRANSMITTED
BEAM
The available plates did not have antihalation backings,
and index matching fluids, besides being awkward to use, are
often toxic. Therefore, an antihalation backing was applied
to the plates .
The work by Foley and Wendt (1967) has shown that a
flat-black, latex paint is an efficient, non-toxic, and
inexpensive antihalation backing. Such a paint, "Villa
Black", is manufactured by Martin Senour Paints. This paint
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has been used successfully by others and is easily removed
from the plates after processing. However, one or two coats
must be applied in the dark and allowed to dry.
Soares (1980) suggested a method for applying an
antihalation backing which is easier than painting and yet
has some advantages over the flat black paint . A piece of
black plastic tape is applied to the back of holographic
plates before processing. The adhesive surface acts as an
index matching material, and the black plastic backing
absorbs the light. The tape-plate combination may be
processed with no interaction of processing chemicals and
the tape. Soares fails to give a quantitative measure of
the performance of his tape, but my measurements indicate
that MACtac CD0644 black vinyl tape reduces undesired
reflections about as well as flat black paint . The tape
works best when smoothed with a blunt, rigid tool (a wooden
potters tool was used) . The pressure applied during the
smoothing process forces the adhesive into better contact
with the glass plate.
A 20:1 beam ratio of the exposing beams was selected to
ensure the exposure fell in the linear region of the
amplitude transmittance versus exposure curve .
Figure 8 shows the experimental set-up used in making
spherical holographic lenses .
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A 90 and a 120 degree angle between the reference beam
and the object beam were used to evaluate the hologram.
These angles are referred to as the beam angles. The beams
were also arranged such that the normal to the film plane
bisected the beam angle. These angles were easily produced,
allowed easy calculation of the fringe frequencies present
in the hologram, and provided a range of fringe frequencies
close to the resolution limit of Agfa 10E75 (see table 3) .
Having fringe frequencies close to the resolution limit
could result in a digitizible set of Soares alignment
fringes. Analysis of this interferogram could then be a
means for measuring emulsion performance directly
(comparison will be made with measurement of emulsion
performance found by subtracting the interferogram of the
substrate from the interferogram of the HOE) . Having two
different recording geometries helped determine if the
measure of emulsion performance was affected by recording
geometry.
Table 3
Beam Angle
(degrees)
Range of
Frequencies
(lp/mm)
90
120
135
2090-2360
2630-2830
2840-2990
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Another factor which affects the fringe frequencies in a
holographic lens are the aperture size and the divergence of
the spherical wave; f/4 holographic lenses were recorded.
This selection was based on the numerical apertures of the
available microscope objectives, the desired uniformity of
the interfering beams, space constraints, and the fringe
frequencies of the hologram.
A summary of the experimental parameters is given below.
Table 4
Film Beam Beam Angle Number of F-number
type Ratio (degrees) Plates of Lenses
10E75 20:1 90 5 4.0 to 5.0
120 5 4.0 to 5.0
2.6 Emulsion Processing
A standard process was used on the holographic plates
being evaluated. Although different processes could lead to
slightly different results, evaluating the effect
of these
is beyond the scope of this thesis .
The processing steps are given below.
O
Develop 3 min. Kodak D-19 @ 20 C
Wash 30 s. tap water @ 20 C
F^x 5 min. Kodak Fixer @ 20C
Wash 10 min. tap water @
20
C
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Caulfield (1979) gives a 5 minute development time as a
standard process with Kodak D-19, but Hariharan (1984)
states that a 3 minute development time is sufficient and
that a 5 minute development may actually degrade the final
image .
Initially the process used a final rinse of 5 seconds in
distilled water with a wetting agent to minimize water
spots . This step was eventually eliminated since the
distilled water seemed to attract dust particles, and these
particles adhered to the holographic plate.
The plates were allowed to dry naturally. This process
is slow, but the alternative of drying with a jet of heated
air could have thermally stressed the hologram.
2.7 Hologram Alignment
After processing the holographic lens needs to be
aligned. To perform this alignment, the film holder used
for recording the holographic lens was mounted on a stage
with 5 degrees of freedom; 2 translations and 3 rotations.
A third translational degree of freedom was obtained by
having a spatial filter (the one used to create the object
beam during recording) placed on a translation stage.
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Ideally all 6 degrees of freedom would be mutually
independent . Although the stage system used did not have
this feature of independence, together they formed a basis
for obtaining any desired orientation of the hologram close
to the original recording orientation.
There are two cases of holograms that may be evaluated in
the MINT system. The first case is a hologram recorded in
the same system being used for analysis. This case of
hologram is easily aligned by using Soares' method described
in section 1.5 (HOE alignment) .
The second case is when the hologram is exposed in one
optical system and evaluated in a different system. Soares'
method can not be used for this case, since there is a very
low probability that the beam angles in two separate systems
will differ by less than the angular tolerance needed for
interference. Therefore this case of hologram must be
aligned by trial and error, by comparing the hologram
wavefront with a reference wave .
The second case could be used to examine how well a
holographic lens recorded in one system will perform in a
different system. If, however, the performance of the
holographic material is of interest, the first case of
hologram is recommended, since attempting to evaluate a
material with a case two hologram can be tedious and result
in inaccurate results . If the hologram substrate is not
flat an aberrated wavefront could result, but misalignment
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of a holographic lens results in aberration of the
reconstructed wavefront, too. When aligning a case two
hologram, a position which minimizes the aberrations could
be found when misalignment and substrate induced aberrations
balance. This alignment position would not result in
finding the aberrations due to the performance of the
holographic material only.
2.8 HOE Evaluation
There are four interferograms one might evaluate with the
MINT system. Figure 15 shows the apparatus required to
obtain an interferogram of the performance of the hologram.
MIRRDR MIRRDR
HeNe 3
VBS MIRRDR
Figure 16 shows the configuration for evaluating the effects
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of the substrate of the hologram.
Figure 16 - Configuration for measuring substrate only
VBS
HeNe 3
SF
FILM
\
CL
CL
BS
VBS
To obtain a measure of the emulsion performance only (no
plate effects) , the arrangement in figure 17 can be used.
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Figure 17 - Configuration for measuring film only
FILM SCREEN
VBS
(SEE D.D.D. SDARES)
MIRRDR
Finally, figure 18 .depicts an interferogram useful for
checking the similarity of the two collimated reference
beams . One can also deduce the performance of the emulsion
by subtracting the interferogram of the glass plate from the
interferogram of the hologram.
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Figure 18 - Configuration for comparing beams
MIRRDR MIRRDR
VBS
HeNe D
SF
CL
VBS
CL
The fringe interpretation system by WYKO Corporation,
called WISP, was used for digitizing and then analyzing the
interferograms of interest. The components of this system
are shown in figure 19. A frame grabber acquires an image
from the CCD camera of the interferogram, and the WISP
software digitizes the pattern for analysis. The WISP
system allows one to fit Zernike polynomials to the
wavefront error, calculate and plot the modulus of the point
spread function, calculate and plot the modulation transfer
function, and subtract any two digitized interferograms.
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Figure 19 - WISP system for interferogram analysis
CCD
MDNITDR
FRAME
GRABBER
ooo oo
WISP
SDFTWARE
HP VECTRA
PAINTJET
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RESULTS
3.1 Film Characterization
Figure 1 shows the amplitude transmittance versus
exposure curve obtained for Agfa 10E75. Figure 1 is similar
to curves given by the manufacturer and other sources
(Hariharan 1984, Caulfield 1979) . The curve was generated
with data from 14 different exposures of the emulsion. The
amplitude transmittance is approximately linear for
exposures between 5 to 25 ergs (0.84 < t < 0.3) .
3.2 Diffraction Efficiency
The diffraction efficiencies of the holographic lenses
were 0.5% and 0.2% for beam angles of 45 and 60 degrees,
respectively. These values compare well with data published
by the manufacturer, as shown in the table below.
Maximum Diffraction Efficiency as obtained from Agfa-Gevaert
Fringe Diffraction
Frequency Efficiency
(1/mm)
2100 2%
2300 1%
2600 0.9%
2800 0.5%
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3.3 Hologram Alignment
All the holographic lenses were considered aligned when
there was less than one Soares fringe over the full two-inch
aperture of the hologram. It is difficult to select the
very best alignment when the Soares alignment criterion has
almost been met. The WISP analysis of the fringe patterns,
however, allowed fine tuning of the alignment. It was not
unusual for an alignment to take 10 minutes, including a few
iterations with WISP to converge on the best alignment.
3.4 Reference Wavefronts
Before a hologram was analyzed, an interferogram of the
two reference beams was produced and analyzed (see figure
18) . WISP analysis resulted in a peak-to-valley difference
in the wavefronts of less than an eighth of a wave across a
two-inch aperture.
3.5 Gaussian Nature of Reference and Object Wavefronts
The gaussian apodization, over a one-inch aperture, was
less than 10% for both the reference and object beams.
Hence, both the beams may be considered to be uniform.
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Although the gaussian nature of the two beams used to
record the hologram is important, it is more important to
examine the irradiance of the wavefront being reconstructed
by the hologram. The amplitude of this wavefront has an
impact on the modulus of the point spread function as well
as the MTF (see equations 5, 7 and 9) .
3.6 Irradiance Profile of the Reconstructed Reference Wave
The irradiance at the edges of the reconstructed
reference beam were measured as shown in figure 20. Using
the values of irradiance in figure 20, and approximating the
irradiance changes with a linear function of x, the effect
of the irradiance variation on the modulus of the point
spread function can be modelled (see figure 21) .
The irradiance profile of the reconstructed reference
wave can be more accurately described as a function of the
recording and reconstructing geometry. Specifically, the
irradiance in this case is inversely proportional to the
sixth power of the distance from the point source to a point
on the hologram. For the f -number of the lenses recorded,
this distance does not vary much, and therefore the
irradiance profile is approximately linear. Typically a
holographic lens is used as a focusing element rather than a
collimator. In the focusing mode, the irradiance of the
reconstructed reference wave will be proportional to the
Figure 20 - Irradiance of the reconstructed reference beam
a) Top view of reconstructed reference beam.
7.5x10 w/cm
2.5x10
"7
W/cm
b) Irradiance at the edges of the reconstructed reference beam.
c) Relative profiles of the modelled irradiance.
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fourth power of the distance from the hologram to the
recording point source.
The functional relationships mentioned above were found
by first calculating the fringe visibility at the plane of
the hologram during recording. This calculation neglected
the non-uniformity of the beams, and accounted for the
inverse square law during recording. Then, assuming the
film MTF is linear over the fringe frequencies recorded
(Agfa literature confirms this is a reasonable assumption) ,
and using a curve of the square root of the diffraction
efficiency of the material versus fringe visibility, the
diffraction efficiency of the hologram as a function of
position is found. Finally, the irradiance of the
reconstructed reference beam is found by calculating how the
irradiance of the reconstructing wave is transformed by the
diffraction efficiency function.
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The irradiance profile of the reconstructed reference
wave can have an effect on the imaging capability of an
optical system, as mentioned in section 3.5. Since WISP can
not take non-uniformities into account unless they are of a
gaussian nature, these effects had to be examined by other
means .
The function on the left hand side of figure 21
represents the modulus of the point spread function for a
pupil function with a uniform amplitude (a cylinder with a
height of 1 unit and a radius of 1 unit) and constant phase.
The function on the right hand side is the same except the
amplitude of the pupil function varies linearly in the
x-direction. The table below quantifies the difference
between the two functions in figure 21.
Percent of Width (mm)
Central Uniform Linear Percent
Maximum Pupil Pupil Difference
80 5.5 6.0 9
60 8.0 8.5 6
40 10.5 11.0 5
20 13.0 14.0 8
Figure 21 - Effect of irradiance variation on the PSF
On the left ia the modulus of the point spread function
using a uniform pupil function amplitude. On the right is the
modulus of the point spread function for the linear pupil
function amplitude described in figure 19.
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The maximum height of both functions in figure 21 is 3.141
units; the area under the pupil function. Figure 21 is
discussed in more detail in section 4.4 (also see section
4.1) .
3.7 Evaluation of Holographic Lenses
3.7.1 Examples of Analysis Provided by WISP
Figure 22 shows a typical analysis generated by WISP.
This example was obtained from a holographic lens made with
reference and object beams at a 60-degree angle to the film
normal .
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Figure 22a shows the digitized interferogram, the number
of data points used for the digitization, and the order of
each fringe (labelled 1 through 10) . Tilt was induced into
the fringe pattern via the beam splitter since the WISP
system most easily digitizes about 10 vertical or horizontal
open fringes. "TF" indicates that tilt and defocus will be
removed from subsequent figures. The date and time of the
measurement are also displayed.
Figure 22b displays most of the quantitative results
including coefficients for a 36-term Zernike polynomial
(labelled "complete") , tilt in the wavefront, defocus in the
wavefront, primary Seidel aberrations, Strehl ratio, RMS
error of the least squares fit of the Zernike polynomials to
the wavefront, and the peak-to-valley and RMS value of the
wavefront aberration.
A topographical map of the optical path difference is
shown in figure 22c.
Figure 22d shows the modulus of the point spread
function. The "patch" is calculated from 3 parameters input
into the WISP software. These parameters are the wavelength
(632.8nm), the pupil radius (12.7mm), and the f -number of
the system (f/4) .
Figure 22e shows the modulation transfer function for the
wavefront being analyzed. The thick solid line represents
diffraction limited performance, and the various other lines
Figure 22 - Typical WISP output-'
a) Interferogram being analyzed
10E75 LENS 3 (120) 23:36:10 04-11-90 TF
Data Points
b) Quantification of wavefront error
WISP [Ver. 3.21]
10E75 LENS 3 (120)
SN- 227 04-19-90
23:36:10 04-11-90
TERM RMS FIT COEFFICIENTS OPD map
TILT 0.425 5.378 -0.259
FOCUS 0.307 5.362 -0.269 0.518
SEIDEL 0.163 5.323 -0.272 0.538 0.120
-0.628 -0.195 -0.035 -0.020
6TH ORDER 0.054 5.338 -0.250 0.545 0.092
-0.592 -0.173 0.012 -0.010
0.186 0.401 0.014 0.144
0.019 0.040 -0.009
8TH ORDER 0.021 5.341 -0.249 0.549 0.089
-0.591 -0.166 0.014 -0.003
0.183 0.400 0.008 0.145
0.029 0.043 0.002 -0.018
0.155 -0.008 -0.047 0.011
-0.021 -0.018 -0.011 -0.004
COMPLETE 0.000 5.342 -0.244 0.557 0.091
-0.580 -0.164 0.024 0.006
0.179 0.412 0.012 0.162
0.035 0.057 0.011 -0.020
0.163 -0.010 -0.032 0.020
-0.004 -0.010 0.006 -0.002
-0.026 -0.065 -0.012 0.011
-0.008 0.026 0.027 0.033
0.025 0.037 0.007 -0.009
AMT ANGLE
TILT 5.717 -2.0
FOCUS 0.559
ASTIG 1.279 -39.6 103.592 um
COMA 0.594 190.3
SA3 -0.123
TERMS REMOVED: TILT FOCUS
x center y center X radius Aspect
50.00 50.00 49.37 1.00 Radius Reduced by 1.00
OPD map Statistics
DATA PTS WEDGE PEAK VALLEY P-V RMS iSTREHL RATIO
7535 1.00 1.082 -0.774 1.856 0 .303 0.027
c) Optical Path Difference
10E75 LENS 3 (120) 23:36:10 04-11-90 TF
Rms: 0.303 OPD P-V: 1.856
1.B82
8.962
B. 838
8.714
B.59B
8. 466
B.342
8.218
8. 894
-8. 838
-8.154
-8. 278
-8. 482
-8. 526
-8. 658
8. 774
D
8.58
1.88
1.88
-1.88 -B. 58 B. 88 8.58 1.88
d) Modulus of the point spread function
10E75 LENS 3 (120) 23:36:10 04-11-90 TF
Strehfc 0.17 PSF Patch: 63.28 um
31.64
15.82
8. 88
15.82
31.64
-31.64 -15.82 8.88 15.82 31.64
e) Modulation transfer function
10E75 LENS 3 (120) 23:36:10 04-11-90 TF
8 deg
98 deg
45 deg
-45 deg
0.0 0.2 0.4 0.6 0.8 1.0
Normalized spatial frequency = 395 1/mm
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depict different azimuths or slices through the
two-dimensional MTF function.
3.7.2 Stability of the Interferometric System
An experiment was conducted to measure the stability of
the interferometric system. The same hologram was analyzed
three times, with a time interval of several minutes between
readings . Three trials of this experiment were conducted
and the results showed the value of any one aberration
varied by at most one-fifteenth of a wave. The variation in
the RMS aberration and the strehl ratio were insignificant.
3.7.3 Preliminary MINT Analysis of Hologram Performance
Agfa 10E75 and Kodak 64 9f holographic plates were used to
initially test the MINT system. Both plates were f/5
lenses, thick amplitude holograms, recorded with a 20:1 beam
ratio, evaluated over a one-inch aperture, and recorded with
a 90 degree angle between the reference and object beams.
The 64 9f plates were recorded and analyzed in the same
optical system (case one) , and the 10E75 plates were
recorded in one optical system and analyzed in a different
optical system (case 2) .
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The results showed the performance of the 64 9f emulsion
was diffraction limited, and that the 10E75 emulsion had
over 1.5 waves of aberration. The results are summarized
below in terms of primary Seidel aberration coefficients .
The values given are in wavelengths of wavefront aberration,
and the Seidel terms were calculated from Zernike aberration
coefficients .
Film type Aberration Substrate + Substrate Emulsion
Emulsion
649f spherical -0.1 -0.1 0.0
coma 0.66 0.59 0.16
astigmatism -1.9 -2.1 0.26
10E75 spherical -0.4 0.05 -0.39
coma 0.29 0.52 0.29
astigmatism 2.0 1.1 1.4
The emulsion performance was obtained by subtracting the
substrate wavefront from the wavefront for the substrate +
emulsion. The subtraction of the aberration from these two
wavefronts does not always result in the values shown for
the emulsion only. This can be explained by the fact that
higher order terms are not shown and that WISP calculates
the difference between two wavefronts by subtracting the
wavefronts and then performing a new fit of Zernike
aberration polynomials to the difference.
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3.7.4 MINT Analysis of Hologram Performance
Table 5 presents the results obtained from WISP analysis
of the holographic lenses. The primary Seidel aberrations
are displayed in the table, along with the RMS value of the
wavefront aberration and the Strehl ratio of the emulsion
wavefront . All emulsion data were derived by subtracting
plate data from lens data. The tolerance placed on the
average value of the aberration coefficients represents the
standard deviation. The RMS value is defined as being the
root mean square of the difference between the optical path
difference and a plane.
The best analog metric for comparing image quality of the
hologram is a three-dimensional plot of the modulus of the
point spread function. Figure 23 shows the modulus of the
point spread functions for a holographic lens, the glass
substrate, and the holographic film. Notice that the
modulus of the PSF for the lens and substrate are very
similar in shape. The difference between these two
wavefronts should be very small, and this is confirmed by
the narrow, diffraction limited PSF of the emulsion in
figure 23c.
Figure 23- - PSF for a hologaphic lens, the glass substrate, and the film,
a) Modulus of the point spread function of a holographic lens
Strehl: 0.17
31.64
15.82
8. 88
15.82
-31 . 64 -15. 82 8. 88 82 iT.
31.64
64
b) Modulus of the point spread function of the substrate
Strehl: 0.17
31.64
15.82
8.88
15.82
31.64
-31.64 -15.82 8.88 15.82 31.64
c) modulus of
the point spread function of 10E75 film
Strehl:
31.64
15.82
8. BB
15.82
31.64
-31.64 -15.82 8.88 15.82 31.64
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Table 5 - Performance of 10E75 Holographic Lenses
Description
Hologram Performance (waves)
Lens Plate EmuIs
60 degree beam angj.e
Lens 1
Astigmatism -2.4 -2.5 0.3
Coma 0.6 0.6 0.0
Spherical Aber. 0.4 0.5 0.1
RMS Aberration 0.52 0.55 0.06
Lens 2
Astigmatism 0.5 0.5 -0.3
Coma 2.5 2.5 0.1
Spherical Aber. -0.6 -0.7 0.0
RMS Aberration 0.32 0.31 0.08
Lens 3
Astigmatism 1.3 1.2 0.1
Coma 0.6 0.6 0.0
Spherical Aber. -0.1 0.0 -0.1
RMS Aberration 0.3 0.29 0.04
Lens 4
Astigmatism 0.5 0.3 0.2
Coma 0.5 0.3 0.2
Spherical Aber. -0.4 -0.2 -0.2
RMS Aberration 0.20 0.18 0.06
Lens 5
Astigmatism 2.8 2.8 0.1
Coma 1.3 1.4 0.1
Spherical Aber. 0.0 0.0 0.0
RMS Aberration 0.62 0.61 0.02
Strehl Ratio
of Emulsion
Wavefront
0.87
0.79
0.94
0.86
0.98
Average of Lenses
Astigmatism
Coma
Spherical Aberration
RMS Aberration
0.89 +/- 0.07
0.07 +/- 0.23
0.08 +/- 0.09
-0.04 +/- 0.11
0.05 +/- 0.02
45 degree Beam Angle
Page 56
Lens 1
Astigmatism 2.1 2.3 0.2
Coma 0.6 0.7 0.1
Spherical Aber. -0.2 -0.2 0.0
RMS Aberration 0.46 0.48 0.06
Lens 2
Astigmatism 1.0 1.1 0.2
Coma 0.5 0.5 0.0
Spherical Aber. -0.4 -0.5 0.0
RMS Aberration 0.26 0.27 0.04
Lens 3
Astigmatism -0.3 -0.4 0.2
Coma 1.2 1.0 0.2
Spherical Aber. -0.1 0.0 -0.2
RMS Aberration 0.17 0.18 0.05
Lens 4
Astigmatism 1.1 0.8 0.3
Coma 0.6 0.6 0.1
Spherical Aber. 0.1 0.2 -0.2
RMS Aberration 0.25 0.22 0.07
Lens 5
Astigmatism 1.6 1.5 -0.1
Coma 1.7 1.7 0.0
Spherical Aber. 0.2 0.2 0.0
RMS Aberration 0.39 0.38 0.03
0.88
0.94
0.92
0.83
0.96
Average of Lenses
Astigmatism
Coma
Spherical Aberration
RMS Aberration
0.91 +/- 0.05
0.16 +/- 0.15
0.08 +/- 0.08
-0.08
+/- 0.11
0.05 +/- 0.01
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4. DISCUSSION
4.1 Diffraction Efficiency
The diffraction efficiency of amplitude holograms is
typically about 1 percent (theoretical maximum of 5%) , so
the measured efficiencies of 0.2 and 0.5 percent are
reasonable. The lenses were recorded with a beam ratio of
about 20:1 to ensure the exposure was linear. The tradeoff
for obtaining a linear grating is a decrease in the
diffraction efficiency. Even with such a reduction in the
energy transmitted through the system, the fringes of the
interferograms were adequate to be digitized by the fringe
interpretation system.
It should be noted that the diffraction efficiencies
shown above are averages over the beam diameter. In
reality, the efficiency varies as a function of position on
the hologram. This function could be described by
calculating the beam ratio, exposure, and fringe frequency
across the hologram. In other words, the gaussian nature of
the recording beams, the exposure time, the effect of the
inverse square law on the irradiance of the spherical wave,
the characteristic curve of the holographic material, and
the MTF of the holographic material could all be used to
calculate the diffraction efficiency of the hologram as a
function of position. This function could then be used to
calculate the pupil function amplitude for reconstructed
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wavefronts (see section 3.5). The amplitude of the pupil
function could then be used to calculate the impact of the
variations in irradiance on the PSF and the MTF.
Alternatively, pupil function amplitudes could be directly
measured with a radiometer.
4 . 2 Hologram Alignment
When at best alignment, there was less than a half fringe
over the full aperture of the lens. Therefore it was
impossible for WISP to digitize and analyze the Soares
interferogram. It was hoped that by recording fringes in
the holographic material close to the rated resolution limit
of the emulsion, there would be an adequate number of Soares
fringes at best alignment. Analyzing the Soares fringe
pattern may have then provided a second means (the first
means being through subtraction of the hologram substrate
performance from the hologram performance) of measuring the
performance of a holographic material. A qualitative
comparison between the two measures of emulsion performance
can be made, though. If there was less than half a Soares
fringe over a two-inch wavefront, it is very reasonable to
expect diffraction-limited performance over a one-inch
aperture .
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The MINT measurements were limited to amplitude
holographic optical elements, but phase holograms are more
common. Since processing phase holograms are completely
different from processing amplitude holograms, it is
impossible to predict how the optical wavefront would be
affected. Phase holograms could produce more aberration,
and thus allow a set of digitizible Soares fringes.
4.3 Gaussian Nature of the Recording Wavefronts
From the data shown in section 3.5, it can be said that
for this analysis the gaussian nature of the recording beams
does not significantly affect the results. However, if a
larger aperture of the hologram were used the gaussian
nature could very well become a significant factor.
4.4 Irradiance of the Reconstructed Reference Beam
The data presented in section 3.5 shows that the
variation in the irradiance of the reconstructed reference
beam has little effect on the modulus of the point spread
function. If, however, there is a much larger variation in
irradiance, then the amplitude of the point spread function
should be used to calculate the PSF and the MTF.
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4.5 Analysis of the Holographic Lenses
4.5.1 Stability of MINT Measurements with Time
In section 3.7.2, it was shown that the MINT system is
very stable. One can also conclude that the system noise
level is small and that small amounts of aberration are
detectable .
4.5.2 MINT Measurements of the Hologram Performance
As shown in section 3.7, MINT provides several direct
measurements of the optical performance of the hologram.
Although MINT easily provides several useful metrics for
quantifying the performance of holograms, other methods for
examining hologram performance should not be viewed as being
obsolete. MINT is another technique from which to choose
when selecting a method of evaluating the performance for a
particular application. In other words, other analytical
techniques can be used to explain the wavefront measured by
MINT, complement MINT, or be used in place of MINT. The MTF
of the recording medium is useful for explaining the
irradiance distribution across a reference beam
reconstructed from a holographic lens. The brightness of a
wavefront is still best represented by the diffraction
efficiency. In fact, in order to fully describe the modulus
of the point spread function of a holographic lens, a
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radiometric measurement of the wavefront irradiance is
necessary .
An interesting comparison would be to evaluate the same
holographic lens with MINT, ray-tracing software, and by
scanning the point image . These three techniques should
result in the same direct measures of the optical
performance, thus providing three independent measurements
for comparison.
4.5.3 Preliminary Results from 649f and 10E75
The preliminary results showing diffraction-limited
performance of 64 9f agree well with the final results found
for 10E75. 649f has a rated resolution limit greater than
the rating for 10E75, so it would be surprising to find the
649f emulsion induced more aberration than the 10E75
emulsion. These results also support the conclusion that
the substrate wavefront aberration is by far the factor
limiting the wavefront quality of a hologram made in
commercially available 64 9f holographic plates.
The preliminary results for 10E75 are a good illustration
of the problem with attempting to evaluate the performance
of an unknown material with the second case of holograms
(holograms exposed in one optical system and analyzed in a
different system) . Although much time and care was taken in
aligning these lenses, it is obvious from the final results
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for 10E75 that the 1.5 waves of aberration calculated to be
due to the emulsion is inaccurate.
4.5.4 Performance of 10E75
The only meaningful statistics available from table 5 are
the averages and standard deviations of the emulsion
performance. Averaging the Seidel aberration coefficients
for either the holographic lens or the glass plate would not
be meaningful since positive and negative aberrations would
cancel. The purely positive values of the Strehl ratio
and/or the RMS aberration could be averaged, but the
resulting statistics would not be very useful since such a
small sample of plates are represented. The positive nature
of these two quantities do make them good metrics for
comparing the overall wavefront quality of the holograms.
In order to truly compare two lenses, the sign of the
aberration terms need to be explored carefully. Due to the
nature of the interferometer used, the WISP system is unable
to distinguish between positive and negative gradients to
the digitized interferograms. In other words, WISP can not
tell if the interferogram of figure 22a should be modelled
as having the first order fringe be a local maximum or
minimum. Interpreting the gradient as being positive would
result in one set of aberration coefficients and
interpretation of the wavefront as having a negative
gradient would result in a set of aberration coefficients
Page 63
with the the same magnitude but different signs . A phase
shift interferometer can distinguish between these two
possible conditions. The alternative to having a phase
shift interferometer is to shift the phase manually, and the
beamsplitter being used as a beam combiner was equipped with
a translation stage for this purpose.
If the gradient of an interferogram has been correctly
identified, two interpretations of the same data can still
result in some aberration coefficients having with the same
magnitudes but opposite signs. In this case the angular
orientation of the aberration needs to be examined. If the
magnitude of the coefficients for astigmatism have opposite
signs but the angular orientations differ by 90 degrees,
then the two wavefronts have identical amounts of
astigmatism.
At the time the data in table 5 was taken, the
significance of determining the sign of the fringe gradient
was understood for ensuring that measurements of the
holographic lens and the plate could be compared. The
connection between the sign problems with intra-lens
comparisons and the similar effect on making inter-lens
comparisons, however, had not been made. For this reason it
is not known whether the averages of the aberration
coefficients for the emulsion are meaningful values . The
large standard deviations associated with the average of the
aberration coefficients suggest that aberration coefficients
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are not being compared properly or the noise level is
greater than the signal.
Despite the uncertainty with the inter-lens comparison of
the aberration coefficients, the RMS aberration and the
Strehl ratio show that the measurements of the performance
of the 10E75 emulsion are very consistent.
The average RMS aberration for the 10E75 emulsion was the
same for both beam angles . The average strehl ratios are
about the same, too. This is not too surprising since the
emulsion performance was diffraction limited at both angles.
Even though the holographic film recorded fringe
frequencies near the specified resolution limit, the
emulsion performance shown in table 5 was diffraction
limited. This suggests that the manufacturer's
specification of resolution limit is based upon a
consideration of the diffraction efficiency of high
frequencies rather than on the wavefront quality.
It has not been determined if the emulsion performance
would still be diffraction limited if higher fringe
frequencies were used. A 60-degree beam angle is about as
large as practical. At steeper angles, space limitations
and problems with reflections off the hologram make
measurements difficult or impossible. Higher fringe
frequencies could, however, be obtained by recording
reflection holograms and/or using a shorter wavelength for
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recording. The MINT could conceptually use reflection
holograms by merely rotating the film 90 degrees about the
normal to the table. A reflection hologram can have a
maximum fringe frequency of 3161 line pairs per millimeter.
In reality, however, a 60 degree beam angle once again is
about the limit due to space constraints (i.e. the
reconstructed reference beam would strike the point source
at angles much larger than 60 degrees) . A limitation with
using a shorter wavelength is that some materials are not
very sensitive to shorter wavelengths, and sources of a
shorter wavelength typically are not as inexpensive, stable,
coherent, or easy to use as a Helium Neon laser.
Since the emulsion performance was diffraction limited,
results from MINT show the wavefront quality of a
holographic lens made in Agfa 10E75 is limited by the
flatness and homogeneity of the glass substrate. The
wavefront aberration due to the glass substrates varied from
a maximum of about 5 waves to a minimum of about 1 wave .
4 . 6 MINT Performance
The MINT system was easily used to record, align, and
analyze holograms. To change from one functional state to
another required at most an adjustment of a variable beam
splitter and blocking one of the three paths. The
approximate time needed to perform all three steps was a
little over an hour.
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5. CONCLUSIONS
5.1 Performance of 10E75
Agfa-Gevaert 10E75 holographic emulsion performance was
found to be diffraction limited for the range of fringe
frequencies used and when the film is used as a thick
amplitude hologram. The quality of the optical wavefront
reconstructed by a hologram made in 10E75 has been found to
be limited by the flatness and homogeneity of the glass
substrate. The uniformity of a reconstructed wavefront
and/or the diffraction efficiency are the factors which are
most likely to limit the performance of a holographic
optical element made in 10E75.
5.2 MINT Performance as an Evaluation Technique
For the holograms examined, MINT proved to be a good
versatile method for measuring optical performance of a
hologram. Besides quantifying the wavefront aberrations,
the optical path difference, the modulus of the point spread
function and the MTF, MINT is easy to use to record, align,
and analyze a hologram. Other evaluation techniques do not
allow isolation of the performance of the recording material
or the hologram substrate from the hologram performance .
MINT is also unique in providing a quantitative measure of
the aberrations present.
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MINT can be used with other evaluation techniques, such
as diffraction efficiency and recording material MTF, to
more fully understand the performance of holograms as
precision optical components.
5.3 Suggestions for Future Work
As an extent ion of this thesis, it could be useful to
examine the performance of holograms exposed with smaller
beam ratios. This would introduce non-linearities into the
recording, which have been shown to introduce noise into the
image, but may also result in some degradation of the
wavefront .
Instead of amplitude holograms, phase holograms could be
evaluated with MINT. In addition to providing a higher
diffraction efficiency, the effects of different processing
may be examined. More importantly it would be of interest
to observe how phase hologram performance would differ from
the performance of amplitude holograms .
As mentioned in the discussion, there is no conceptual
problem with evaluating reflection holograms with MINT, and
it could prove valuable for comparing the performance of
reflection and transmission holograms containing the same
fringe frequencies .
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Gaussian distributions of beam irradiance can be modelled
in the WISP software, but it is not possible to compensate
for a linear variation in the irradiance, as was seen with
the reference beam reconstructed by a holographic lens . In
this experiment, the irradiance variation did not make a
significant contribution to the modulus of the point spread
function, but it could be advantageous to be able to enter
this function into the software package.
This thesis concentrated on evaluation of silver halide
emulsions with a red source. It would be of interest to
evaluate some of the new photopolymers as well as
photoresist and dichromated gelatin as recording media.
These are more commonly used for the manufacture of
holographic optical elements.
APPENDIX 1 - A 37 Term Seidel Polynomial
The wavefront aberration, W, of an optical system can be modelled using the following
polynomial
W =Woo + W20R2 + W40R4 +W60R6 + W80R8 + W100R10 +W12oR12 + W140R14
+WnX + W31 R2X + W51 R4X+W71 R6X +W91 R8X + VJ-\n R1X + Wi 31 R1 2X
+
W22X2 + W42R2X2 + W62R4X2 + W82R6X2 + W102R8X2 + W122R10X2 + W142R12X2
+
W33X3 + W53R2X3+W73R4X4 + \N93R6X? + W1 13R8X3 + W133R10X3 + W153R12X3
+
W44X4 + W64R2X4 +Ws4R4X4 + WiQ4R6X4 +Wi24R8X4 + W144R10X4 + W164R12X4
+VV
where R = Normalized Pupil Radius
e = Azimuth Angle in the Pupil
X = RCos9
Y = RSin6
Wij = Seidel Aberration Coefficient
Woo =
"Piston"
W11X = "X
Tilt"
W1yY = "Y
Tilt"
APPENDIX II - A 37 TERM ZERNDIKE POLYNOMIAL
The wavefront aberration, W,of an optical system can be modelled using the following
polynomial
Coefficient Polynomial
Zo 1
"Piston"
Zi RCosG "X
Tilt"
z2 RSinG "Y
Tilt"
z3 2R2-1
"Focus"
z4 R2Cos20
z5 R2Sin20
z6 (3R2 - 2)RCos0
z7 (3R2 - 2)RSin6
z8 6R4 - 6R2 + 1
z9 R3Cos30
Z10 R3Sin30
Z11 (4R2 - 3)R2Cos20
Z12 (4R2 - 3)R2Sin20
Z13
(1OR4-12R2 + 3)RCos0
Z14
(1OR4-12R2 + 3)RSin0
Z15 20R6-30R4+12R2-1
Z16 R4Cos40
Z17 R4Sin40
Z18
(5R2 - 4)R3Cos30
Z19
(5R2 - 4)R3Sin30
Z2o (15R4-2OR2+6)R2COS20
Z21
(15R4-2OR2 + 6)R2Cos20
Z22 (35R6-6OR4 + 3OR2-4)RCOS0
Z23 (35R6 - 6OR4 + 30R2 - 4)RSin0
Z24 70R8 - 1 40R6 + 90R4 - 20R2 + 1
Z25 R5Cos50
Z26 R5Sin50
Z27 (6R2 - 5)R4COS40
Z28 (6R2 - 5)R4Sin40
Z29 (21 R4 - 30R2 + 1O)R3Cos30
Z30 (21 R4 - 30R2 + 1O)R3Sin30
Z31 (56R6-1O5R4 + 6OR2-1O)R2Cos20
Z32 (56R6 - 1 05R4 + 60R2 - 1 0)R2Sin20
Z33 (126R8 - 280R6 + 21OR4 - 60R2 + 5)RCos0
Z34 (126R8 - 280R6 + 210R4 - 60R2 + 5)RSin0
Z35 252R1 - 630R8 + 560R6 - 21OR4 + 30R2 - 1
Z36 924R12 - 2772R10 + 3150R8 1680R6 + 420R4 - 42R2 + 1
Appendix III - inherent Error in the Fringe Analysis System
To be certain that very small amounts of aberration were
due to the fringe analysis system (WISP software, CCD
camera, Video monitor) , a set of "perfect" fringes were
digitized and analyzed. The "perfect" fringes were evenly
spaced, straight lines printed by a laser printer. The WISP
analysis resulted in a Strehl ratio of 1 . 0 and the MTF curve
is shown below. To conclude, the amount of aberration due
to inherent system Prmr ;em error is insignificant compared to
aberrations measured in this experiment.
0.2 0.4 0.6 0.8 1.0
Normalized spatial frequency = 395 1/mm
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